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Dissipating of disorder quantum vortices in an annular two-dimensional Bose-Einstein condensate
can form a macroscopic persistent flow of atoms. We propose a protocol to create persistent flow
with high winding number based on a double concentric ring-shaped configuration. We find that
a sudden geometric quench of the trap from single ring-shape into double concentric ring-shape
will enhance the circulation flow in the outer ring-shaped region of the trap when the initial state
of the condensate is with randomly distributed vortices of the same charge. The circulation flows
that we created are with high stability and good uniformity free from topological excitations. Our
study is promising for new atomtronic designing, and is also helpful for quantitatively understanding
quantum tunneling and interacting quantum systems driven far from equilibrium.
Study of persistent flow of superfluid enables under-
standing of fundamental characteristics of superfluidity
and may lead to applications in high-precision metrol-
ogy and atomtronics [1–3]. Thanks to the technical
development for achieving tailored trapping potential
with arbitrary geometries, quantum transport experi-
ments with quantum gases can be carried out in Bose-
Einstein condensate (BEC) systems with weak inter-
atomic interactions, which can be accurately described in
the frame of the mean-field Gross-Pitaveskii (GP) equa-
tion [4]. Two-dimensional (2D) annular BECs in ring-
shaped traps [1, 5–7], sustaining persistent currents with
a quantized circulation around any closed path [3, 6, 8–
10] with the corresponding phase winding of the macro-
scopic wave function being an integer multiple of 2pi, at-
tract growing interest as an atomic analog of supercon-
ducting quantum interference device constituting a basic
element for atomtronic circuits [2, 11–13], and are analo-
gous to persistent currents in superconducting rings with
a quantized magnetic flux.
The direct macroscopic circulation flow of superfluid
BECs in annular traps can be achieved by rotating a
perturbing potential [14, 15]. Although it is efficient,
excitations in the condensate flow are hardly avoidable
when the rotation is fast. Internal atomic state manip-
ulation [6, 8, 16] is another way to achieve circulation
states. However, the experimental setup is difficult for
magnetically trapped condensates due to the coupling of
different Zeeman substates. Generating circulation states
by phase imprinting [9, 17, 18] is also hard to be applied in
systems with complex structures. Matter-wave guiding of
BECs over large distances was realized experimentally in
a neutral-atom accelerator ring based on magnetic time-
averaged adiabatic potentials which can result in acceler-
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ating of BECs with hypersonic velocities but nonuniform
density [19].
Generally, adding energy into a system through tran-
sient stirring usually leads to more disorder. However, in
2D superfluids, vortex bending and tilting and Kelvin
wave perturbations are suppressed. Hence, the well
known inverse energy cascade [20–24], i.e. the emergence
of order from turbulence, is induced by the inhibition of
energy dissipation at small length scales [25–28]. One of
the most remarkable phenomena is the formation of On-
sager vortex clusters [29], which can be used as a vortex
thermometry [30]. Moreover, in toroidal BECs, a large-
scale persistent flow of atoms can be induced by the de-
cay of 2D quantum turbulence (2DQT) in form of dis-
ordered vortex distributions, indicating energy transport
from small to large length scales [31].
Although the decay of turbulent cascade is studied ex-
tensively, the unpredictability inherent to turbulent sys-
tems is further confounded by physical properties such
as boundaries and spatial dimensionality. It is of inter-
est to investigate the dissipative dynamics of 2DQT with
varying geometries. Moreover, by driving the systems
far away from equilibrium through a sudden geometrical
quench of the trapping potential, we may find out some
novel nonequilibrium phenomena. In this letter, by de-
signing a BEC system in a double concentric ring-shaped
trap, we study quantitatively the quench dynamics of
condensates with random vortex distributions and the
emergence of persistent atom flows (currents) with high
winding numbers in this novel geometry, which will facil-
itate the study of superfluidity and quantum tunneling
in a large range of transport regimes.
At zero temperatures, the complex-valued mean field
order parameter of a trapped 2D condensate with N
atoms satisfies the GP equation of the form
i~
∂ψ
∂t
=
(
− ~
2
2m
∇2 + Vtrap + g2DN |ψ|2
)
ψ, (1)
where g2D is the 2D coupling constant and the order pa-
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Figure 1. Proposed experimental configuration (a) and some
typical density distributions of the condensate with the corre-
sponding phase diagrams during the dynamics of the system
(b)-(e). The trap is deformed suddenly from the initial single
ring-shaped configuration to a double concentric ring-shaped
configuration at the beginning of the dynamical process.
rameter ψ is normalized to 1. To avoid the detrimental
effects of density variation, our system is based on an ex-
perimentally accessible box potential [32, 33] where the
condensates are spatially uniform away from the bound-
aries. Then, an 2D annular BEC is prepared in a double-
concentric ring-shaped box potential of the form
Vtrap =
{
0 (R1 < r < R2)
⋃
(R3 < r < R4)
V0 elsewhere
(2)
with r =
√
x2 + y2. This configuration can be realized
in the optical-box trap formed by two hollow tube beam
and two sheet beams as shown schematically in Fig. 1(a).
Rj (j = 1, 3) and Rk (k = 2, 4) being the inner and
outer radius of the two concentric rings, respectively. The
width of the potential barrier between the two rings is
then d = R3−R2. The units of time and length are t0 =
1/ωz and a0 =
√
~/mωz, respectively. If not specified,
we choose V0 = 1.43~ωz and d = 1.25a0.
In our study, the superfluid system contains a BEC of
N = 105 87Rb atoms with ωz = 2pi×700 Hz.The injection
of angular momentum by vortex imprinting is embedded
in vortex distribution rather than the macroscopic an-
nular superflow, which is the same as in Ref. [31]. The
randomly distributed vortices can be seeded in the con-
densate cloud by employing the phase imprinting technol-
ogy or optical obstacle stirring. The initial states of the
system are obtained by the imaginary time evolution of
the GP equation numerically. We note that the vortices
can be seeded into the system either initially or during
the dynamic process, which will not affect the intrinsic
physics. However, the latter will excite stronger density
wave oscillations in the system.
The properties of the system under geometry-quench
processes away from equilibrium are less straightforward.
To gain insight into the role of the quenched trapping po-
tential, we load atoms in a single ring trap initially to ob-
tain an annular condensate as shown in Fig. 1b, and then
tune the trapping potential into a double ring geometry
as schematically shown in Fig. 1a. Initially, there are no
vortices and circular current in the system. After sud-
denly released in the double ring trap, atoms appears in
the outer ring region through tunnelling across the bar-
rier between the two rings with highly disordered density
distribution as shown in Fig. 1c. With increasing homo-
geneity of density distribution of the condensate in the
outer ring trap, vortex-antivortex pairs excited as shown
in Fig. 1d without changing the total angular momen-
tum of the system. Finally, the system reach a steady
state with a few vortex pairs with symmetric distribu-
tion within the outer ring, while the density distribution
of the condensate in the inner ring tends to be uniform as
shown in Fig. 1e. This quadrupole structure is generally
unstable in a 2D disk-shaped condensate [34]. The gener-
ation of topological excitations is similar to that during
the interfering and merging of BECs in a double well
potential[35, 36].
For condensate initially loaded in a double concentric
ring trap, the ground state gives uniform density distri-
bution in both inner and outer rings. Then, a number
of vortices with the same charge, for example s = +1,
but random positions, are excited in the inner ring re-
gion. Due to the narrow region of the ring-shaped con-
densate, the vortices are not far from the boundary (bar-
rier potential between two rings). During the evolution of
the system, there are ghost vortices with opposite charge
emerging within the flimsy between the two parts of the
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Figure 2. Typical density profiles of the evolution of the con-
densate initially prepared in a double concentric ring-shaped
trap with corresponding phase diagrams and vortex distribu-
tions (a)-(c), and the time evolution of the winding number
of the persistent current (d) with 20 initially seeded vortices.
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Figure 3. Typical density profiles of the evolution of the
condensate initially prepared in a sing ring-shaped trap and
then released in a double concentric ring-shaped trap with
corresponding phase diagrams (a)-(c), and the time evolution
of the averaged winding number of the persistent current for
64 realizations (d) with 20 initially seeded vortices.
condensate, whose locations are identified by the yellow
points as shown in Fig. 2a-2c. The number of the ghost
vortices are about the same as that of the vortices. The
same as previous study about 2DQT in an annular 2D
quantum fluid with amount of vortices, persistent atom
flow forms spontaneously in the inner ring as the number
of vortices varies (decreases with respect to the initial
vortex number). As shown in Fig. 2d, the current in the
outer ring-shaped condensate emerges following the ap-
pearance of the current of the inner condensate. They
will finally approach steady values. The variation of the
circular current accompanies with the creation and anni-
hilation of vortices in the system. The average growth or
decay of the current is quantized with integer numbers
indicated by the steps shown in Fig. 2, which means the
transition between different quantized persistent current
states. In Ref. [37], decay of the atomic current through
a barrier in a toroidal BEC was in the form of 2pi sharp
drops, leaving steps on the time evolution of the circula-
tion (winding) number. During the time evolution, most
of the ghost vortices are pinned within the barrier region
and can hardly escape to the condensate cloud. But we
did identify that at some stage this happened as shown
in Fig. 2b-2c. Moreover, the initially seeded vortices can
hardly tunnel from the inner ring-shaped condensate into
the outer one, and no vortices excited in the outer ring-
shaped condensate comparing with the situation in Fig. 1.
Next, we set the initial state of the system to be a
single ring-shaped condensate with randomly distributed
vortices of the same charge, and then deform the trap
Initial vortex number
Figure 4. Variation of the winding number of the circulation
flow with respect to the number of initially seeded vortex.
into a double concentric ring-shaped geometry as what
we have done for the condensate without the initial vor-
tices in Fig. 1. The condensate originally in the inner ring
tunnels through the barrier and spread in the outer ring-
shaped region of the trap as shown in Fig. 3a. Formation
of vortex pairs still occurs in the outer ring-shaped con-
densate during the tunneling process while the density
distribution of the condensate is getting more and more
uniform as shown in Figs. 3b-3c, which is similar to the
evolution of the initial state without vortices in the inner
ring-shaped condensate (see Fig. 1(c)). However, differ-
ent from the results shown in Fig. 1(e), all the initially
seeded and dynamically excited vortices in the system
decay eventually accompanied by the emergence of per-
sistent currents in both inner and outer rings. Comparing
with the result of the system without quenching of the
trapping potential as shown in Fig. 2, the winding num-
ber of the current in the outer ring turns to be much
larger, which means that the transfer of angular momen-
tum from vortices to global atom flows is much more ef-
ficient in this case. The gray and red lines in Fig. 3g are
the time evolution of the winding number of the atom
flows in the inner ring and the outer ring, respectively,
with a random distribution of 20 initially seeded vortices.
In Ref. [15], the circulation caused by a rotating barrier
is only stable when the angular frequency of the barrier
is small, while the system becomes dynamically unstable
with high angular frequencies resulting from the excita-
tions of vortices are in the condensate cloud. The error
bars show the standard deviation of 64 realizations for
a given initial vortex distribution. The circulation flow
of the outer ring-shaped condensate reaches its steady
state much faster than the inner ring-shaped condensate.
In Fig.4, we show that the average winding number of
the outer ring-shaped condensate increases linearly with
increasing initial number of the seeded vortices. For 30
initial vortices, the winding number of the circulation
flow is -16, while that of the inner ring-shaped BEC is
only -3.
We also investigate the effects of the thickness and
hight of the middle flimsy barrier on the winding number
of the circulation flow as shown in Fig.5. The number of
the initial vortices is kept to be 20. For d larger than
5a0 or V0 larger than 6~ωz, the tunneling is strongly
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Figure 5. Variation of the winding number of the circulation
flow with respect to the number of initially seeded vortex.
suppressed to prevent the emergence of the circulation
flow in the outer ring-shaped trap. The winding num-
ber of the outer ring-shaped condensate does not vary
monotonically with respect to d and V0. There exists
a specific value of these parameters to obtain maximum
persistent current of the circulation flow. The variations
of the winding number with respect to both parameters
satisfy Gaussian distributions.
In conclusion, we propose a novel setup and a quench
protocol which can be used to generate persistent cur-
rents of circular condensate flows with high winding num-
bers. For a double ring-shaped condensate, if we quench
vortices with the same charge and random distributions,
the circular condensate flows can emerge in both inner
and outer ring-shaped condensate due to 2D turbulent
cascade and quantum tunneling. The differences of the
winding numbers of the two flows are not significant. If
we quench the condensate with randomly distributed like
vortices by deforming the trap from a single ring-shaped
geometry into a concentric double ring-shaped one, the
winding number of the outer ring shaped condensate will
be much larger than that of the inner ring-shaped con-
densate flow. However, if the initial state of the system is
without any vortices, the geometric quench itself cannot
generate persistent atom flows in the system. The per-
sistent currents generated in our system are with nearly
uniform density distributions and free from vortex exci-
tations. This method is much more efficient to create
circulation flows of atoms than the technique of rotating
barrier and may be used to design complex devices based
on ultracold atoms.
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